Abstract Facial nerve schwannoma is the most common facial nerve tumor, but its therapeutic strategy remains debated. The aim of this study is to analyze the facial nerve function and the hearing outcomes after surgery or waitand-scan policy in a facial nerve schwannoma series. A monocentric retrospective review of medical charts of patients followed for an intratemporal facial nerve schwannoma between 1988 and 2013 was performed. Twenty-two patients were included. Data were extracted pertaining to the following variables: patient demographics, tumor localization, clinical and imaging features, facial nerve function and hearing levels, and details of surgical intervention. The majority of tumors were located at the geniculate ganglion. Initial symptoms were mainly facial palsy and hearing loss. The average follow-up was 4.8 ± 4.5 years. Nineteen patients underwent surgery, and three patients were observed. After surgery, 11 patients had a stable or improved facial nerve function (57.9 %), and 8 patients had a worsened facial nerve function (42.1 %). Facial nerve function was in the majority of cases a HB grade III, depending on surgical strategy. No patient presented a postoperative HB grade V or VI. Regarding the hearing, it remained stable after surgery in 52.6 % of cases, and improved in 10.5 % of cases. Among monitored patients, facial nerve function and hearing remained stable.
Introduction
Facial nerve schwannoma (FNS), although rare, is the most common tumor of the facial nerve (FN). It is a benign encapsulated slow-growing lesion arising from the Schwann cells of the FN. In an anatomical study of 600 temporal bones, an intratemporal sporadic FNS was found in \1 % [1] . It is more frequent in case of neurofibromatosis type 2, with an incidence of 58 % [2] . It can involve any of the different segments of the FN, and most of the time, it involves more than one segment, with a predilection for the geniculate ganglion and the tympanic portion [3, 4] .
FNS is more often revealed by a progressive facial weakness; however, in case of a sudden onset of the facial impairment it can be wrongly diagnosed as idiopathic facial paralysis [5] . Other symptoms might be present such as sensorineural or conductive hearing loss, tinnitus, otalgia, and vestibular dysfunction, depending on its location among the intratemporal FN course [5] .
The management of the FNS is challenging. Wait-andscan policy could be a viable option in case of normal facial function and no compression on the brainstem. The surgical management encompasses several techniques. The total resection with FN graft or end-to-end anastomosis results on a variable permanent deficit [3, 6] , but still remains the more common surgical choice. The entire excision of the tumor with anatomical preservation of the FN is possible in very few favorable cases [7] . Other surgical options are FN decompression or subtotal resection of the tumor [8] . More recently, radiosurgery has been used to treat FNS, with satisfying results on the stabilization of tumor's size [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The aim of this retrospective study is to describe the clinical presentation of FNS, to report the FN function and hearing outcomes in FNS surgery and surveillance, in order to define the prognostic factors of the postoperative FN function.
Materials and methods
The medical charts of patients managed for FNS from 1988 to 2013 in a tertiary referral center were retrospectively reviewed. The other facial nerve tumors (haemangioma, meningioma) were excluded, as well as the extracranial FNS. Because neurofibromatosis type 2 is a complex disease with a risk of multiple tumors and multifactorial symptoms, patients with a diagnosis of neurofibromatosis type 2 presenting a FNS were also excluded. Overall, 22 patients were included in the study. All patients gave their informed consent for the use of their clinical data.
All the patients were evaluated and operated by the same senior surgeon (OS).
The data collected at the first visit included demographics, onset symptoms, facial function according to the House and Brackman (HB) scale [18] , hearing class according to the AAO-HNS hearing classification system [19] , mean pure tone audiometry (PTA) (mean of 500, 1000, 2000 and 3000 Hz) in bone and air conduction with headphone, and the vestibular function evaluated by a caloric test. Imaging (high-resolution computed tomography and magnetic resonance imaging) was analyzed to classify tumor location in relation to the geniculate ganglion (GG) (Fig. 1) ; tumors located in the geniculate ganglion (GG) and medial to it (cerebellopontine angle (CPA), internal auditory canal (IAC) and labyrinthine segment); tumors located exclusively in the GG; and tumors in the GG and lateral to it (tympanic and mastoid segment). Imaging was also analyzed to detect complications (external auditory canal erosion, ossicular displacement, labyrinthine fistula or brainstem compression).
For patients who underwent surgery, perioperative data included surgical approach and reconstruction of the FN. Postoperative outcomes included FN and auditory function, and post-operative complications. The patients underwent a control at 6 months, 1, 2 years postoperatively, and then once every 3 years.
For patients who underwent wait-and-scan management, the FN function was monitored, as well as the hearing and the tumor growth during the same follow-up intervals.
Results are presented as mean ± SD. Fisher exact test and Student t-test were performed, to compare preoperative and postoperative PTA, and to explore the results over the follow-up as appropriated. A p \ 0.05 was considered as significant. For the postoperative data, statistical tests were performed at 12 months postoperatively.
Results

Population
Twenty-two patients were included in this study: patients' characteristics are summarized in Table 1 . Of the 22 patients, 19 underwent surgery and 3 were treated conservatively.
Tumor location
There were seven tumors with a medial extension to GG (31.7 %), six tumors located only in the GG (27.3 %), and nine tumors with a lateral extension to GG (40.8 %).
Overall, the GG was affected in 18 cases (81.8 %), with an extension to the adjacent segments in half of the cases (54.8 %). No patient in this series presented an extension both proximally and distally to the GG. In 12 cases (54.5 %) the tumor extended over two or more segments of the FN. 
Clinical presentation
The presenting symptoms at first visit were the following: facial paralysis (11 patients, 50 %), hearing loss (6 patients, 27.3 %), dizziness (4 patients, 18.2 %), unilateral tinnitus (4 patients, 18.2 %), and otalgia (2 patients, 9.1 %). Five patients presented with more than one symptom at the first visit.
Facial nerve
The facial function at the time of the first visit was HB grade I in five patients (22.7 %), HB grade II in six patients (27.3 %), HB grade III in two patients (9.1 %), HB grade IV in four patients (18.2 %), HB grade V in four patients (18.2 %) and HB grade VI in one patient (4.5 %).
The facial paralysis had a variable clinical presentation. Among the 17 patients with facial paralysis a progressively worsening paralysis was present in 11 patients (64.7 %), a sudden onset was reported in 4 cases (23.5 %), and recurrent episodes of sudden onset with spontaneous partial improvement in four patients (11.8 %) . The location of the FNS did not influence the onset and progression of the facial palsy (Fisher test).
Hearing
The mean PTA was 45 ± 36 dB. Class A hearing was found in nine patients (40.9 %), a class B hearing in four patients, (18.2 %), a class C hearing in four patients (18.2 %), and a class D hearing in five patients (22.7 %) ( Table 2 ). Among patients who had hearing loss, sensorineural hearing loss was present for all the tumors located medially to GG (4 cases, 100 %). For tumors located in the GG and lateral to the GG, there was conductive hearing loss in three cases (33.3 %), mixed hearing loss in three cases (33.3 %), and sensorineural hearing loss in three cases (33.3 %).
Five patients (22.7 %) had a cochlear fistula at the basal turn, diagnosed by computed tomography. Three of them had a class D hearing and two a class C.
Other symptoms
Nine patients (40.9 %) had tinnitus. Two patients (9.1 %) presented otalgia as the onset symptom.
Six of the 22 patients were not tested for vestibular function. For the remaining 16 patients, vestibular impairment was found in 12 cases (75 %) with ipsilateral vestibular areflexia or hyporeflexia at the caloric test. No significant correlation was found between the tumor location and the vestibular impairment (Fisher's test).
Evolution of monitored patients
Three patients (13.6 %) underwent a follow-up observing the facial function grade, the tumor's size, the non-invalidating symptoms, and the age. The average follow-up (FU) was 10.1 ± 5.2 years (range 4.7-15 years). One patient Other schwannoma 1 (arm schwannoma) Table 2 Hearing depending on tumor location GG (n = 6) Medial to GG (n = 7)
Lateral to GG (n = 9) GG geniculate ganglion, Medial to GG locations between the cerebello-pontine angle and the GG, Lateral to GG locations between GG and mastoid segment, SNHL sensorineural hearing loss, MHL mixed hearing loss, CHL conductive hearing loss had facial function grade I HB, one a HB grade II, and one patient a HB grade VI. The first two patients showed no decline in facial function or in hearing during follow-up. No surgery was proposed for third patient because of the advanced age and the presence of a severe facial palsy lasting for 25 years before the diagnosis. As far as the tumor size was concerned, it remained stable in two cases during the follow-up. One patient affected by a FNS involving the GG, the IAC and the CPA with a normal facial function had an increase in tumor size, with a growth rate of 0.96 mm/year initially, then 1.8 mm/ year after 14 years, then 6 mm/year after 15 years.
Evolution of surgically treated patients: surgical approach and intraoperative findings In all but two patients a total removal of the tumor was performed. One patient had tumor decompression, and one patient had partial excision. Both of them were affected by a FNS involving the mastoid portion of the facial nerve.
In the 17 remaining patients (89.5 %), a total tumor removal was achieved. An anatomical preservation of the FN at the end of the procedure was obtained in two cases (10.5 %).
In the other 15 patients (79 %), the FN was interrupted during the resection. The FN reconstruction was achieved with a great auricular nerve graft in ten patients (52.6 %) and with a sural nerve graft in three patients (15.7 %), using only fibrin glue and no sutures for the anastomosis [20] . In two patients (10.5 %), an end-to-end anastomosis with FN rerouting was performed.
Regarding the ossicular chain, an ossicular reconstruction was performed in two cases.
No major complication was observed post-operatively (intracranial hematoma, cerebrospinal fluid leak, meningitis, death). There was one case of subcutaneous abdominal hematoma (5.3 %). A tumor recurrence 11 years after the surgery was seen in one case (5.3 %) after excision with an anatomical intact FN.
Evolution of surgically treated patients: FN function
Facial nerve function at the last postoperative follow-up was HB grade I in 1 case (5.3 %), HB grade II in 2 cases (10.5 %), HB grade III in 12 cases (63.2 %), and HB grade IV in 4 cases (21.1 %). No patient had severe facial nerve palsy (HB grade V or grade VI). Table 3 shows the postoperative facial nerve function depending on the technique of facial rehabilitation.
There was no prognostic factor found in this study for the postoperative facial function. There was no significant difference depending on the patient's age (Student's test), the tumor location (Fisher's test), the number of affected segments of the facial nerve (Fisher's test), the duration of the preoperative paralysis (Student's test), or the preoperative facial function (Fisher's test).
After surgery, 11 patients had a stabilized or improved FN function (57.9 %), and 8 patients had a declined FN function (42.1 %). For all these eight patients, preoperative FN function was HB grade II or less. In one case of declined FN function, the diagnosis of FNS was made intra-operatively (tumor of the IAC and CPA). In the other seven cases, the surgery was decided because of disabling vertigo in four cases, and because of the tumor size in three cases.
Evolution of surgically treated patients: hearing
Postoperatively, mean PTA was 57.4 ± 44.6 dB. The hearing remained unchanged in ten patients (52.6 %). It was improved in 2 patients (10.5 %) who had a preoperative conductive hearing loss treated with ossicular chain reconstruction. 
Discussion
FNS is an uncommon tumor that can be difficult to diagnose and manage. The tumor can be located in any segment of the facial nerve and is often located in more than one segment. In this study, the most frequent location was the geniculate ganglion, such as described in the literature [21] . Other studies report FNS located both medial and lateral to GG, even in all FN portion [22] [23] [24] [25] . FN function seems to not be related to the tumor location, neither the grade, nor the evolution of facial palsy. Regarding the initial hearing, type of hearing depends on the tumor location, as previously described in an anatomo-clinical classification [5] .
To date, the therapeutic strategy for FNS depends on facial function, tumor size and its evolution, hearing, and others disabling symptoms (dizziness, intra-cerebral and brainstem compressions). As far as the FNSs are slowgrowing lesions, observation based on serial clinical examination and imaging is one valid option. The growth rate has been reported to be between 0.85 and 1.4 mm per year [6, 10] . In this study, among the patients managed with a wait-and-scan policy, there was no decline in the facial function or hearing, but one patient had a significant increase of the tumor size (up to 6 mm per year). Wilkinson et al. [10] reported 15 monitored patients, of which one spontaneously improved his facial function, and the others were stable; the hearing function was unchanged [10] . Perez et al. [6] presented 13 monitored patients. Five worsened their facial function over periods of evolution from 3 to 7 years, and 4 of them had a tumor size growth [6] .
If a surgical treatment is chosen, the surgical approach depends on the tumor location and preoperative hearing. Surgery can allow a hearing improvement in case of conductive hearing loss if an ossicular chain reconstruction is combined with the tumor resection. Tumor excision with facial nerve grafting is indicated if the facial function is HB grade III or more. This technique allows a complete resection, with a low risk of recurrence. In this study, the postoperative final facial function is HB grade III in most cases, as described in the literature [10, [21] [22] [23] . No graft failure was observed. Thus, this is a reliable and repeatable technique that allows a HB grade III facial function postoperatively in most of cases.
If an end-to-end anastomosis is possible, the evolution is rather similar to the facial nerve graft. No statistical difference has been found between end-to-end anastomosis and graft for facial outcome.
If possible, a total tumor resection with dissection of the facial nerve (stripping) might be the choice for patients with a good facial function who undergo surgery for other disabling symptoms. In this study, one patient worsened his facial function from I to II, and another improved it from IV to III. Literature reports also cases of worsened facial function after stripping. Indeed, Lee et al. [26] reported six patients operated-on with facial nerve stripping, of which four had a stable facial function and two aggravated. Perez et al. [6] showed three cases of decline, two cases of improvement, and two cases of stabilization. This technique appears to be a satisfactory solution, but with postoperative outcomes difficult to predict, and the risk to leave a part of the tumor on the FN. The only case of recurrence in our series was a patient that underwent a stripping technique. Therefore, a total resection with facial nerve graft, that allows a postoperative HB grade III in most of the cases, should be preferred if the preoperative facial function is worse than a HB grade II.
An alternative technique is the subtotal excision of the tumor, which attempts a preservation of the facial nerve. This procedure should be recommended in case of large tumors compressing the brainstem with good facial function [23] . McRackan et al. [25] showed statistically decreased risk of having postoperative severe facial palsy (HB grade IV or more), but even if the nerve anatomy is intact, this does not guarantee the preservation of facial function. It also requires a prolonged postoperative MRI surveillance. Li et al. [27] showed a high recurrence rate after subtotal excision, which was 26.6 % in general, and 60 % if only 70-80 % of the tumor was removed.
Lastly, a decompression of the facial nerve could be an option. Wilkinson et al. [10] described 21 cases where patients underwent decompression of the facial nerve: 78.9 % of patients maintained stable or improved their facial function, while only 5.3 % of patients worsened their facial function. In our study, one patient underwent this technique, with a stable facial function after surgery.
The Table 4 shows facial outcomes in the literature after surgery depending on surgical technique, the results emerging from the present study are similar to those of other reports.
In this study, after surgical excision of intrapetrous FNS, the facial function is improved or stabilized in most of the cases. For patients who had a decrease of the facial function after surgery, the indication of surgery was for tumor size growth, invaliding dizziness or misdiagnosis with the more common vestibular schwannoma. As a matter of fact, FNS is diagnosed intraoperatively in 3.2 % of cases [28] .
Radiosurgery is an alternative to surgery. The indication is given more often based on the tumor size. In the literature a total of 85 cases have been managed with radiosurgery (Table 5) [9-15, 17, 29] . After treatment, the facial function is generally stable, but 11 cases of function decline are described in the literature, regardless of pretreatment FN function [9, 15, 17] . Tumor size tends to remain stable or to decrease in the majority of cases, but 4 cases of increased size after treatment were reported [10, 11, 15, 17] . A case of cystic transformation has been described after radiosurgery with an increase in size and complete facial paralysis of acute onset [15] . A metaanalysis regarding 45 patients who underwent radiosurgery for FNS shows a tumor control in 93.3 % of cases with a mean follow-up of 42.1 months [16] . In this meta-analysis, facial function was stable in 66.7 % of cases, worsened in 12.8 %, and improved in 20.5 %. Radiosurgery was performed in the majority of cases because of tumor growth. Hasegawa et al. [29] , found a statistically significant association between tumor growth and development of facial palsy after radiosurgery. In this study, FN function decline is found in case of a preoperative HB grade I or II (with one case of HB grade IV postoperatively), and improvement in case of HB grade III, IV or V. These results need to be compared to the natural history of the FN function in FNS, which can remain stable in a long observational period. Furthermore, some degree of hearing deterioration can occur after radiosurgery [29] (Fig. 2) . Considering the results of the present study and the emerging evidences of the literature, a flow-chart for the management of FNS can be proposed (Fig. 1) .
Conclusion
FNS is a rare benign lesion that can be successfully treated surgically when symptomatic, and when a moderate to severe facial palsy is present. Gamma knife could be a viable option in case of growing tumors with good facial function.
